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Diacylglycerol acyltransferase (DGAT) plays a pivotal role in triacylglycerol (TAG) formation in some
oleaginous organisms. We describe here the identiﬁcation of a type 2 DGAT (PtDGAT2B) in the dia-
tom Phaeodactylum tricornutum that contains four putative type 2 acyl-CoA:DGATs, sharing little
sequence similarity with each other. TAG synthesis and lipid body formation could be completely
restored in a Saccharomyces cerevisiae TAG-deﬁcient quadruple mutant by expressing PtDGAT2B.
Up-regulation of PtDGAT2B precedes the accumulation of TAG. Functional analysis of enzyme activ-
ity in vivo demonstrated that expression of PtDGAT2B can increase the proportion of unsaturated
C16 and C18 fatty acids in yeast TAG.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In oilseed plants and oleaginous microorganisms including fun-
gi and microalgae, TAGs are the main storage lipids that can serve
as a major source of edible oils for human consumption or promis-
ing renewable feedstocks for biofuel production [1]. TAG biosyn-
thesis can be catalyzed by the membrane-bound enzymes that
operate in the endoplasmic reticulum (ER) and are responsible
for the sequential incorporation of fatty acids onto the glycerol
backbone [2]. This process, commonly known as the Kennedy path-
way, begins with the acyl-CoA-dependent acylation of sn-glycerol-
3-phosphate (G3P) to form lyso-phosphatidic acid via the glycerol-
3-phosphate acyltransferase (GPAT; EC 2.3.1.15). The lyso-phos-
phatidic acid acyltransferase (LPAAT; EC 2.3.1.51) catalyzes the
second acylation reaction, leading to the formation of phosphatidic
acid (PA), which is then dephosphorylated to generate sn-1,2-diac-
ylglycerol (DAG). TAG is produced through the ﬁnal acyl-CoA-
dependent acylation of DAG catalyzed by diacylglycerol acyltrans-
ferase (DGAT; EC 3.2.1.20) [3]. In addition to Kennedy pathway,acyl-CoA-independent reactions can also mediate TAG synthesis.
For example, phospholipid/diacylglycerol acyltransferase (PDAT;
EC 2.3.1.158) catalyzes the transfer of an acyl group from the sn-
2 position of phosphatidylcholine (PC) to the sn-3 position of diac-
ylglycerol (DAG), yielding TAG and sn-1 lyso-PC [2,4]; a DAG/DAG
transacylase uses two molecules of DAG as acyl donor and acceptor
to form TAG and monoacylglycerol [5].
DGAT has been considered to be the rate-limiting enzyme in
TAG synthesis and even in plant storage lipid accumulation [6].
DGAT enzyme activity is encoded by at least three classes of genes
in eukaryotes. The type 1 class of DGAT enzymes (DGAT1) showing
high sequence homology with mammalian acyl-CoA/cholesterol
acyltransferases (ACAT; EC 2.3.1.26) was described ﬁrstly in mouse
and subsequently in several plant species [7,8]. The type 2 class of
DGAT enzymes (DGAT2) that shares sequence similarity with acyl-
CoA: monoacylglycerol acyltransferases (MGAT; EC 2.3.1.22) and
acyl-CoA wax alcohol acyltransferases (AWAT; EC 2.3.1.75) was
also reported in fungi, Caenorhabditis elegans, human and some
plant species [9,10]. DGAT1 and DGAT2 exhibit no sequence
homologies to each other. The type 3 class of DGAT enzyme
(DGAT3) is a soluble cytosolic enzyme that has only been discov-
ered in peanut [11]. The speciﬁc functions of these three classes
of DGAT enzymes in TAG biosynthesis in oilseeds or lipid bodies
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same species [6,9].
The diatom Phaeodactylum tricornutum oil contains large
amounts of TAGs up to 75% of total lipids under stress conditions
[12], suggesting that the enzymes responsible for TAG formation
are active in P. tricornutum. Recently, a novel DGAT1-like gene from
P. tricornutum was reported, whose function was conﬁrmed in vivo
by expression in the yeast S. cerevisiae TAG-deﬁcient mutant [13].
In this study, we report on the identiﬁcation and characterization
of P. tricornutum DGAT2 by expression in different yeast strains.
PtDGAT2B was showed to probably play important role in TAG
synthesis in P. tricornutum.2. Materials and methods
Comparison of DGAT sequences was achieved by using neigh-
bor-joining analysis. Full-length PtDGAT2 and DGA1 (DGAT2 homo-
log of S. cerevisiae) were obtained by RT-PCR and subcloned to
generate constructs for protein expression in yeast wild-type and
mutant strain. Plasmids and primers used in this study are listed
in Table S1. For functional complementation, S. cerevisiae mutant
strain H1246 (dga1D lro1D are1D are2D) was used. Total lipids
from P. tricornutum or yeast cells were extracted by using chloro-
form/methanol method, and separated by thin layer chromatogra-
phy (TLC). Fatty acid methyl esters (FAMEs) were analyzed by gas
chromatography (GC). Details of materials and methods can be
found in Supplementary Data.3. Results
3.1. Identiﬁcation and predicted sequence features of the P.
tricornutum DGAT2
A database (http://genome.jgi-psf.org/Phatr2) search conducted
with Thalassiosira pseudonana MGAT-like acyltransferase
(XP_002286252) sequence as query against the annotated genome
of the diatom P. tricornutum led to the identiﬁcation of four puta-
tive DGAT gene sequences. The deduced DGAT amino acid se-
quences from P. tricornutum and other DGATs, which are from
plants, fungi and microalgae, and cover the three DGAT families
(membrane bound DGAT1 and DGAT2, and cytosolic DGAT3), were
used for the construction of phylogenetic tree. All 36 DGAT protein
sequences are clearly separated into DGAT1, DGAT2 and DGAT3
subfamilies with extremely strong bootstrap support (Fig. 1A).
The four P. tricornutum DGATs are clustered within the DGAT2 sub-
family, and thus designated PtDGAT2A (GenBank ID: JX469835),
PtDGAT2B (JQ837823), PtDGAT2C (JX469836) and PtDGAT2D
(JX469837). In the DGAT2 subfamily, P. tricornutum DGAT2 se-
quences are probably not monophyletic and the evolutionary rela-
tionship of DGAT2 proteins within these eukaryotic organisms
seems to be unsolved due to general lack of strong bootstrap sup-
port for speciﬁc sister groups.
PtDGAT2A, B, C and D proteins are 359, 329, 392 and 320 amino
acids in length, respectively, sharing 19–27% identities to each
other and 25–48% similarities to other DGATs from various organ-
isms including PtDGAT1 [13] from P. tricornutum. Despite the lim-
ited identities between these four PtDGAT2s, they contain six
highly conserved motifs (Fig. 1B) that were identiﬁed as signature
motifs within the DGAT2 subfamily by Cao [14]: Motif 1 (PH
Block), Motif 2 (PR Block), Motif 3 (GGE Block), Motif 4 (RGFA
Block), Motif 5 (VPFG Block) and Motif 6 (G Block). The ﬁrst two
conserved amino acid residues (PH) in Motif 1 of PtDGAT2s start
until 107–177 residues from the N termini and the last residue
(G) ends with the last 49–53 residues from the C-termini. The ﬁrst
his of previously identiﬁed HPHG motif conserved in DGAT2sequences from animals and fungi [15] is replaced by Ala, Gln,
Tyr and Ser in PtDGAT2A, B, C and D, respectively, whereas the sec-
ond His (His in PH Block) was remarkably conserved in all DGAT2
proteins and this His was suggested to be essential for DGAT2
activity [16]. Another highly conserved region upstream of the Mo-
tif 1 with a consensus sequence of ‘‘YFP’’ is not conserved in the
four PtDGAT2 proteins, and this consensus ‘‘YFP’’ is replaced with
‘‘LFQ’’ in PtDGAT2A, ‘‘EIH’’ in PtDGAT2B, ‘‘YFS’’ in PtDGAT2C and
‘‘YLN’’ in PtDGAT2D. A visual examination revealed six invariant
residues (Arg, Glu, Gly, Leu, Lys and Pro) that are located in the
C-termini of DGAT2s. An invariant proline, which was believed to
play an important role in acyltransferase catalysis [17], is present
in all examined DGAT2s including four PtDGAT2s (Fig. 1B). This
invariant proline residue occurs at position 255, 229, 283 and
215 in PtDGAT2A, PtDGAT2B, PtDGAT2C and PtDGAT2D, respec-
tively. We also performed a BLASTP search and found that each
PtDGAT2 protein contains a putative acyl-acceptor binding pocket
based on similarity to Cucurbita moschata glycerol-3-phosphate
acyltransferase. This acyl-acceptor binding pocket is probably not
speciﬁc to PtDGAT2 proteins because it is also present in other
acyltransferases including LPAAT and diacylglycerol O-acyltrans-
ferase. In addition, unlike members of the DGAT1 family, which
were predicted to contain at least eight highly hydrophobic trans-
membrane regions [13,18], PtDGAT2A, B, C and D proteins contain
2, 4, 1 and 1 predicted transmembrane domain(s) (TMDs) (Fig. S1),
respectively. These results suggest that PtDGAT2A, B, C and D pro-
teins belong to the DGAT2 family and that PtDGAT2s and other
DGATs share limited sequence similarities.
3.2. PtDGAT2B can complement TAG deﬁcient phenotype of the S.
cerevisiae mutant
In the yeast S. cerevisiae, four genes, DGA1 (DGAT2 homolog),
LRO1 (encoding an enzyme that catalyzes the phospholipid:diacyl-
glycerol acyltransferase reaction), ARE1 and ARE2 (both involved in
steryl ester synthesis) were found to contribute to TAG synthesis. A
quadruple disrupted strain with combined deletion of all these
four genes is devoid of TAG and lacks lipid bodies [19]. To verify
whether PtDGAT2A, PtDGAT2B, PtDGAT2C and PtDGAT2D indeed
encode proteins with DGAT activity, the coding sequences of these
putative DGAT2 genes were expressed individually in the TAG-
deﬁcient S. cerevisiae quadruple mutant strain (H1246) [19]. The
yeast mutant strain was transformed with an expression vector
(pHBM354) harboring coding sequence for PtDGAT2A, PtDGAT2B,
PtDGAT2C and PtDGAT2D. In addition, the empty vector pHBM354
and the expression vector harboring the yeast DGA1 were trans-
formed into the mutant strain as negative and positive controls,
respectively. Following expression, the yeast cells at late stationary
phase of growth were used for extraction of total lipids. TLC of total
lipids showed that TAG was undetectable in the quadruple mutant
strain carrying the empty expression vector, whereas upon expres-
sion of PtDGAT2B a prominent spot corresponding to TAG appeared
as did expression of the endogenous yeast DGA1 (Fig. 2). Yet TAG
could not be observed in the mutant strain expressing PtDGAT2A,
C or D alone.
In yeast cells, storage lipids are mainly accumulated during sta-
tionary growth phase in the form of TAGs and steryl esters to lipid
bodies, which can be visualized using the ﬂuorescent dye Nile Red.
The S. cerevisiae quadruple mutant strain H1246 is not able to gen-
erate lipid bodies due to lacking of four genes essential for neutral
lipid synthesis, while the formation of lipid bodies can be restored
by the activity of at least one of four genes, DGA1, LRO1, ARE1 and
ARE2. We therefore wanted to determine whether expression of
PtDGAT2B could restore the ability of lipid body formation in mu-
tant strain H1246. As shown in Fig. 3, we found that whereas lipid
bodies are absent in the quadruple disrupted strain transformed
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Fig. 1. (A) Phylogenetic analysis showing relationships among PtDGATs and various cloned and annotated DGATs from plants, fungi and microalgae. Whole-DGAT protein
sequences were used for calculations. The tree was generated using the MEGA4.0 software. The percentages of bootstrap support that was calculated from 1000 bootstrap
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psf.org/Phatr2/Phatr2.home.html).
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Fig. 2. Evaluation of TAG biosynthesis in the yeast S. cerevisiae quadruple mutant
(H1246) complemented with PtDGAT2 individually. Expression of PtDGAT2 in yeast
mutant was performed for 48 h at 30 C. Lipid extracts from the yeast cells were
separated by TLC and lipid spots were visualized as described in Materials and
methods. A representative result of three independent experiments is presented.
Fig. 3. Lipid body formation is completely restored by expression of PtDGAT2B in
the S. cerevisiae quadruple mutant (H1246). Lipid bodies where NL accumulate were
visualized in yeast cells with the ﬂuorescent dye Nile Red. The quadruple mutant
expressing the yeast DGA1 was used as positive control (A). The quadruple mutant
harboring the empty vector (pHBM354) was used as negative control (B). Wild type
S. cerevisiae was also used as positive control (C). The quadruple mutant expressing
PtDGAT2A (D), PtDGAT2B (E), PtDGAT2C (F) or PtDGAT2D (G) was analyzed. BF,
Bright-ﬁeld images; FR, images of Nile Red ﬂuorescence.
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abundantly present in wild type or the mutant strain transformed
with DGA1 or PtDGAT2B gene. This result suggests that expression
of PtDGAT2B in the quadruple mutant strain can completely restore
its ability to form lipid bodies through interaction with yeast lipid
synthesis pathway, which is consistent with the result of TLC.
3.3. Analysis of the acyl-CoA preference of PtDGAT2B
To determine the possible substrate preference of PtDGAT2B for
those fatty acids that are naturally present in yeast, we compared
the fatty acid composition of TAGs from yeast transformed with
PtDGAT2B and empty vector. Since P. pastoris TAGs contain more
fatty acid components than that of S. cerevisiae, we used P. pastoris
as host for heterologous expression. Expression of PtDGAT2B in P.
pastoris was conﬁrmed by RT-PCR (data not shown). Although
there was no apparent change in the fatty acid composition of total
lipids from PtDGAT2B-transformed strains, the fatty acid composi-
tion of TAGs varied signiﬁcantly compared with that of control
strain (transformed with empty vector pHBM906). The observed
tendency was an evident decrease of saturated fatty acids 14:0,
16:0 and 18:0, and a signiﬁcant increase in unsaturated fatty acids
18:1 and 18:2 (Fig. 4A). In PtDGAT2B-transformed P. pastoris, 16:0
and 18:0 were decreased by 28% and 36%, respectively, compared
with that of non-transgenic control strain. In contrast, expression
of PtDGAT2B in P. pastoris led to more than onefold increase in
18:1, and up to ﬁvefold increase in 18:2 when compared with that
of control strain (Fig. 4A). Despite very low proportion of 16:1 in P.
pastoris TAGs, its proportion in TAGs of transgenic yeast was in-
creased about 4-fold compared with that of control strain. These
results suggest that expression of PtDGAT2B in yeast can increase
the incorporation and transfer of endogenous unsaturated fatty
acids into TAG.
It was reported that DGAT2 enzymes may play important role in
the high or selective accumulation of unusual fatty acids such as
epoxy and hydroxyl fatty acids into TAGs due to their speciﬁc pref-
erence for these fatty acid substrates [6,20]. P. tricornutum TAGs
contain substantial amounts of eicosapentaenoic acid (EPA) (up
to 30% of total fatty acids) that is an ‘unusual’ long-chain polyun-
saturated fatty acid (LCPUFA) [12]. It is postulated that PtDGAT2B
might be involved in efﬁcient incorporation of this PUFA into TAGs.
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To compare the possible difference of substrate preference be-
tween PtDGAT2B and the endogenous DGAT enzyme, the yeast
DGA1 encoding DGAT2 enzyme and PtDGAT2Bwere expressed indi-
vidually in the mutant strain H1246. Since the yeast is not capable
of synthesizing EPA we fed EPA to the culture. The total lipids were
extracted from yeast cells that were induced for 48 h, and then
were separated into neutral lipids (NL), phospholipids (PL) and
TAGs. Exogenously supplemented EPA was efﬁciently incorporated
into these lipid fractions upon expression of both PtDGAT2B and
DGA1. However, EPA content showed no signiﬁcant difference in
NL, PL and TAGs between transgenic yeasts carrying PtDGAt2B
and the endogenous DGA1 (Fig. 4B), indicating the same incorpora-tion efﬁciency of EPA in these two strains. PtDGAT2B does not
show unusual substrate speciﬁcity for EPA relative to the endoge-
nous DGA1.
3.4. PtDGAT2 gene expression pattern in the course of TAG
accumulation
P. tricornutum cells were grown to induce TAG accumulation,
harvested and separated into two batches: one for total lipid
extraction and subsequent TLC analysis, the other for total RNA
extraction and qRT-PCR. The amounts of TAGs were gradually in-
creased during the batch culture with dramatic increase appearing
from 6d to 8d (Fig. 5A). Analysis of transcript levels of the four
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progressively increased from day 2 to day 4, peaked at day 4 and
then decreased to a low level in the following days. PtDGAT2A
showed similar expression pattern as PtDGAT2B. The expression
levels of PtDGAT2C and PtDGAT2D were relatively stable and low
compared with that of PtDGAT2A and PtDGAT2B, and the maximum
appeared at day 2 (the early growth phase) or day 6 (Fig. 5B), a
time point at which cells began to synthesize large amounts of
TAGs. These data show that PtDGAT2A and PtDGAT2B were upregu-
lated before the onset of accumulation of large amounts of TAGs.
We also examined the expression of PtDGAT2 genes under nitrogen
starvation, and found that PtDGAT2Bwas not regulated by nitrogen
starvation (Fig. S2). These results suggested that the increased
expressions of PtDGAT2A and PtDGAT2B prior to the initiation of
TAG synthesis might functionally contribute to the accumulation
of large amounts of TAGs.4. Discussion
In this study, we veriﬁed the DGAT enzymatic activity of PtD-
GAT2B by expressing it in a TAG-deﬁcient yeast mutant. Recently,
PtDGAT1short that was transcribed from the PtDGAT1 gene from P.
tricornutum was also conﬁrmed to encode a DGAT1 enzyme with
TAG biosynthetic activity [13]. It thus appears that P. tricornutum
contains two types of DGAT proteins that are both functionally re-
lated to TAG synthesis. This pattern is common in most eukaryotes
with available sequence information, although DGAT1 is not pres-
ent in some fungi species. It seems that in most eukaryotic organ-
isms either DGAT1 or DGAT2 enzymes are essential for TAG
synthesis. Moreover, unlike most organisms that generally contain
a single copy of each DGAT gene, some photosynthetic microalgae
and plant species possess multicopy of DGAT2 genes (3 DGAT2
homologous genes in Ostreococcus tauri, Chlorella sp., 5 in Chla-
mydomonas reinhardtii and 10 in Nannochloropis gaditana), which
may be arisen from lineage-speciﬁc duplication events
[15,21,22]. In eukaryotes, a number of DGAT-related genes were
identiﬁed to encode MGATs and wax ester synthases. For instance,
more recently, expression of DGAT2-related acyltranferases from
Tetrahymena thermophila could result in production of TAGs and
wax esters in recombinant yeast double mutant (BY4741 lro1D
dga1D) that lacks TAG synthesis, suggesting that they are multi-
functional acyltransferases [23]. Additionally, bacterial [24] and
murine [25,26] orthologs of DGAT also have been reported to pos-
sess wax synthase activity. Whether the other three PtDGAT2 en-
zymes and even PtDGAT2B have wax synthase or other activities
remains to be determined.
We observed some differences in the gene expression pattern
and substrate speciﬁcity between PtDGAT2B and the recently re-
ported PtDGAT1. Unlike PtDGAT1 that was highly responsive to
nitrogen starvation [13], PtDGAT2B and other PtDGAT2 genes were
not strongly regulated by nitrogen starvation (Fig. S2), which may
indicate that upregulation of PtDGAT1 is sufﬁcient for stimulation
of TAG accumulation in response to nitrogen starvation. Further-
more, we found that PtDGAT2B was strongly upregulated before
the onset of TAG accumulation under nitrogen-replete condition,
suggesting that at least PtDGAT2Bmay be a contributor to TAG syn-
thesis in nitrogen-replete cells, although the expression pattern of
PtDGAT1 is not examined under nitrogen-replete condition. By con-
trast, in the green alga Chlamydomonas, both DGAT1 and one of
type 2 DGATs (DGTT1) show increased expression following nitro-
gen starvation that induces TAG accumulation, implying their
functional contributions in synthesis of increased amounts of TAGs
under the condition of nitrogen deﬁciency [27]. These results indi-
cate that expression patterns of two types of DGATs in relation to
TAG accumulation vary in different microalgal species. By supple-menting the yeast (S. cerevisiaemutant H1246) cultures with exog-
enous EPA, we found that both PtDGAT2B and the yeast DGA1
incorporated similar amounts of EPA into different lipid fractions
(Fig. 4B). Guihéneuf et al. [13] also revealed that P. tricornutum
DGAT1 had same ability as yeast DGAT2 to incorporate EPA into
TAG, thus it can be concluded that both PtDGAT1 and PtDGAT2 en-
zymes show no difference in preference towards EPA, which is un-
like tung DGAT1 and DGAT2 because they show a differential
preference for the synthesis of trieleostearin [9], the main compo-
nent of tung oil. However, by comparing fatty acid proﬁles of TAGs
produced by the wild-type yeast strain (P. pastoris) expressing PtD-
GAT2B and control strain, we found that PtDGAT2B could preferen-
tially incorporate unsaturated C16 and C18 fatty acids into TAG from
yeast cells (Fig. 4A), which contrasts with the reported preference
of PtDGAT1 for saturated fatty acids [13]. Under nitrogen starva-
tion, the PtDGAT1 transcript level has been shown to be directly re-
lated to the proportion of palmitic acid (16:0) in TAGs of P.
tricornutum [13], indicating that PtDGAT1 with substrate speciﬁc-
ity for saturated fatty acids plays a key role in determining 16:0
fatty acid contribution. Considering the different substrate speci-
ﬁcities of PtDGAT1 and PtDGAT2B and fatty acid composition of
TAGs (predominantly saturated and mono-unsaturated C16- and
C18-fatty acids) from P. tricornutum, it is reasonable to suggest that
they might have a role in producing TAGs with appropriate fatty
acid composition for cell growth and physiological adaption to
varying environmental conditions.
The identiﬁcation of P. tricornutum DGAT2 genes provides a
molecular basis for studying the role of DGAT enzymes in TAG syn-
thesis that is probably involved in several metabolic pathways. It
has been reported that both acyl-CoA dependent and acyl-CoA
independent mechanisms make contribution to TAG synthesis in
plants [2] and yeast [28]. There are several gene sequences encod-
ing putative phospholipid:glycerol acyltransferases in the P. tricor-
nutum genome database and they have not yet been identiﬁed. It is
therefore unclear that whether acyl-CoA independent synthesis of
TAG associated with these PDAT-like proteins exists in P. tricornu-
tum. Further research is needed to determine the contribution of
PDAT-like protein as well as the newly identiﬁed PtDGATs to the
overall production of TAG in P. tricornutum.Acknowledgements
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